Background {#Sec1}
==========

Thyroid storm (TS), also referred to as a thyroid crisis, is a life-threatening syndrome occurring due to the exacerbation of thyrotoxicosis. It is often triggered by severe stress in patients with thyrotoxicosis and is diagnosed by the presence of severe and life-threatening symptoms such as loss of consciousness, high fever, heart failure, diarrhea, and jaundice. TS causes disseminated intravascular coagulation, multiple organ failure, and shock, which lead to death in over 10% of the patients \[[@CR1]--[@CR5]\].

Treatment for TS mainly comprises agents that suppress excessive thyroid hormones, including anti-thyroid drugs (ATDs) and iodine. Further, some therapeutic options, such as beta-blockers, glucocorticoids, bile acid sequestrants, and plasmapheresis, are being used in a clinical setting for the treatment of TS. However, the evidence for all the abovementioned treatment options is based only on clinical experience or case studies analyzing a limited number of patients \[[@CR6]\]. Glucocorticoids have been used as one of the treatment options for TS as they reduce the conversion of thyroxine (T4) to active triiodothyronine (T3). The typically recommended doses of glucocorticoids in this condition are hydrocortisone 100 mg every 6--8 h (300--400 mg/day) or dexamethasone 2 mg IV every 6 h (8 mg/day) continued until the resolution of the TS \[[@CR7]\]. It was also shown that thyrotoxicosis is associated with subtle impairment of adrenocortical reserve \[[@CR8]\]; therefore, glucocorticoids may benefit in this situation. However, glucocorticoids have also been reported to have potential risk for unfavorable effects such as hyperglycemia and immunodeficiency, which can worsen patient outcomes \[[@CR9]\].

Owing to the low prevalence of the disease, limited clinical studies have been conducted on the treatments of TS. This study aimed to evaluate the clinical benefit of glucocorticoid treatment in patients with severe TS using a large-scale national administrative database.

Materials and methods {#Sec2}
=====================

Study design, settings, and data sources {#Sec3}
----------------------------------------

We conducted a retrospective cohort study to evaluate the efficacy of glucocorticoids for the treatment of patients with TS, using the Japanese Diagnosis Procedure Combination (DPC) database. The database is a case-mix classification system developed to maintain a prospective payment system for acute-phase inpatient hospital care, in which more than 1800 hospitals participated in the year 2014. The database contains the following information: hospital identification codes, patient demographics including sex, age, body weight, and date of admission, the score of activity of daily living, admission and discharge status, and post-admission complications, as well as main and secondary diagnoses. It also contains claims for every drug administered, every procedure, and care provided for each patient during hospitalization on a daily basis. Diagnoses were independently recorded using the relevant codes from the International Classification of Diseases, 10th revision (ICD-10). More details regarding the DPC database have been described elsewhere \[[@CR10], [@CR11]\]. The present study was conducted in accordance with the principles of the 1964 Declaration of Helsinki and its later amendments. The institutional review board of the Tokyo Medical and Dental University approved this study (\#788). The requirement for informed consent from each patient was waived because of the retrospective design of the study, the use of anonymized patient, and hospital data.

Study population {#Sec4}
----------------

Patients with TS who were admitted to a DPC participating hospital between April 1, 2013, and March 31, 2017, were included in the study. The following participants were excluded from the study to homogenize the treatment quality: (i) patients younger than 16 years of age, (ii) patients with missing values in any variables used in the analyses, and (iii) patients not admitted to a government-approved specialized intensive care unit (ICU). In addition, patients who were discharged within 3 days of admission were also excluded to avoid immortal-time bias as the patient severity was adjusted by the intensity of treatments provided within 3 days of admission.

Data collection {#Sec5}
---------------

The following data were collected from the DPC database: age; sex; ICD-10 codes for four primary diagnoses, concurrent diagnoses at admission, and post-admission complications; unique hospital identifier; the annual number of patients with TS per hospital; status at discharge from hospital (i.e., survived or deceased); and duration of hospitalization. We collected information on whether the following interventions were performed within 3 days of admission: mechanical ventilation, renal replacement therapy, intra-aortic balloon pumping, extracorporeal membrane oxygenation (ECMO), cardioversion, and plasmapheresis. Information on the administration of glucocorticoids (hydrocortisone, dexamethasone, methylprednisolone, prednisolone, or betamethasone), vasopressors (dopamine, norepinephrine, epinephrine, or vasopressin), acetaminophen, methimazole, potassium iodide, and beta-blockers were also collected. The dose of vasopressors to be used was estimated based on Vasoactive-Inotropic Score (VIS) \[[@CR12]\], which was originally developed for pediatric patients but has been validated for use in adults and has been used in several studies \[[@CR13]--[@CR15]\]. The comorbidities of patients were assessed using the Charlson comorbidity index \[[@CR16]\] based on previously reported methods for extracting the ICD-10 codes \[[@CR17]\]. The dose of each glucocorticoid was converted to hydrocortisone equivalent \[[@CR18], [@CR19]\].

Definitions and outcomes {#Sec6}
------------------------

The glucocorticoid treatment group included the patients who were administered any kind of glucocorticoid within 3 days of admission regardless of amount. The primary outcome was in-hospital mortality. Secondary outcomes were mortality within 30 days and insulin use after admission. We chose insulin use as the surrogate outcome of glucose tolerance impairment because blood glucose values were not available in the DPC database.

Statistical analysis {#Sec7}
--------------------

The machine-learning algorithm XGBoost \[[@CR20]\] was used to estimate the importance of glucocorticoid use on the primary outcome. The algorithm was defined by the following parameters: base score, 0.5; booster, gbtree; node, 1; importance type, gain; learning rate, 0.001; maximum depth, 3; and numbers of estimators, 100.

Considering the heterogeneity of disease severity, we developed a risk adjustment model for in-hospital mortality using the variables, age, sex, Charlson comorbidity index, and level of consciousness (alert or not). We also included the following interventions performed within 3 days of admission to estimate the treatment intensity: renal replacement therapy, mechanical ventilation, defibrillation, ECMO, VIS calculated by the dose of administered vasopressors, the use of acetaminophen, beta-blockers, iodine, and ATDs, by applying a logistic regression model that included a random sample of 80% of the entire study cohort. The covariables were selected based on the clinical perspective from previous studies \[[@CR5], [@CR21]\] and the ten events per variable rule. Issues with variable multicollinearity were assessed by a variance inflation factor (VIF), and the tolerance value was set at less than 2. The prognostic accuracy of the model was validated in the remaining 20% of the cohort using the area under the receiver operating characteristics curve (AUROC) and Hosmer-Lemeshow goodness-of-fit test.

The efficacy of glucocorticoid treatment was assessed using three models: a mixed-effects logistic regression model \[[@CR22]\], a mixed-effects model using the Bayesian method, the Markov chain Monte Carlo (MCMC) method \[[@CR23]\], and propensity score matching analysis \[[@CR24]\]. For the mixed-effects logistic regression model, the established case-mix classification model was used to adjust differences in disease severity in each patient, while simultaneously controlling hospital-level clustering. For the Bayesian model, no prior information was used; however, other hyperparameters used were iteration: 2000, burn in: 1000, and chains: 4. Although these hyperparameters were the default values in the software, their validity was confirmed by fulfilling the convergence judgment: Rhat \< 1.1 \[[@CR25]\]. Additionally, the consistency of the posterior distribution between each chain was confirmed. The Bayes factor was calculated from the posterior distribution \[[@CR26]\]. The propensity score for predicting glucocorticoid use was calculated by logistic regression analysis using the variables used for the establishment of aforementioned prognosis model, annual number of TS cases per hospital, whether it was an academic hospital, and number of ICU beds to account for the differences in treatment quality at each hospital. Propensity score matching extracted 1:1 matched pairs from the glucocorticoid group and the control group. Match balance between the two groups was assessed using the absolute standardized mean difference (ASMD), which is calculated as the absolute value in the difference in the means of a covariate across the two groups divided by the standard deviation in the treated group. Of all variables, values lower than 0.1 were regarded as acceptable \[[@CR27], [@CR28]\]. To achieve the balanced matching, the caliper width for matching was set as the standard deviation (SD) of the logit-transformed propensity score multiplied by 0.1. Intergroup comparisons of the outcomes with propensity score-matched subjects were performed using the chi-squared test.

The sensitivity analysis assessed the patients who received glucocorticoids for the purpose of treatment of catecholamine-resistant septic shock. We compared the primary outcomes (i.e., in-hospital mortality) between patients who received \> 200 mg/day of hydrocortisone and patients who did not receive any glucocorticoid or received ≤ 200 mg/day of hydrocortisone (≤ 200 mg/day group). The cut-off value was determined based on the dose of glucocorticoid recommended by the surviving sepsis campaign guideline \[[@CR29]\].

Statistical analyses were performed using R software (version 3.6.0; R Foundation for Statistical Computing, Vienna, Austria). Bayesian regression was performed using package RStan (version 2.19.2). XGBoost was performed using Python (version 3.7.3). Intergroup comparison of the outcomes was performed using a Fisher's exact test. The level of significance was defined by a two-sided value of *p* \< 0.05. A Bayesian confidence interval was used for estimating the 95% confidence interval in the Bayesian analysis.

Results {#Sec8}
=======

The flow diagram of the patient selection process is shown in Fig. [1](#Fig1){ref-type="fig"}. During the study period, 2802 patients with TS were hospitalized at DPC participating hospitals. Among them, 811 patients were included in the study based on inclusion and exclusion criteria. Among 811 patients, 600 received glucocorticoid treatment within 3 days of admission. Patient characteristics based on the administration of glucocorticoid treatment are shown in Table [1](#Tab1){ref-type="table"}. The overall mortality rate was 13.4% (109/811), and overall mortality within 30 days was 11.1% (90/811). The in-hospital mortality rate was 15.2% (91/600) in the glucocorticoid treatment group and 8.5% (18/211) in the control group (*p* = 0.014). The 30-day mortality rate was 12.3% (74/600) in the glucocorticoid treatment group, and 7.6% (16/211) in the control group (*p* = 0.073). The rate of patients who received insulin was 27.5% (165/600) in the glucocorticoid treatment group and 25.1% (53/211) in the control group (*p* = 0.041). Fig. 1Patient flow diagram. Abbreviations: DPC database, Japanese Diagnosis Procedure Combination database; ICU, intensive care unit; GLMM, generalized linear mixed model; MLE, maximum likelihood estimation; MCMC, Markov chain Monte CarloTable 1Characteristics of patients and hospitalsPatient or hospital characteristicGlucocorticoid groupControl groupNumber of participants, *n*600211Age (years), median \[25th--75th percentiles\]49 \[38, 60\]51 \[35, 67\]Sex, female, *n* (%)429 (71.5)127 (60.2)Charlson comorbidity index, median \[25th--75th percentiles\]1 \[0, 1\]1 \[0, 2\]Vasoactive-Inotropic Score, median \[25th--75th percentiles\]0 \[0, 0\]0 \[0, 0\]Consciousness, alert, *n* (%)338 (56.3)119 (56.4)Defibrillation, *n* (%)33 (5.5)6 (2.8)Mechanical ventilation use, *n* (%)208 (34.7)54 (25.6)Renal replacement therapy, *n* (%)58 (9.7)4 (1.9)Plasma exchange, *n* (%)24 (4.0)0 (0.0)Extra-corporeal membrane oxygenation *n* (%)27 (4.5)3 (1.4)Intra-aortic balloon pump, *n* (%)21 (3.5)4 (1.9)Acetaminophen use, *n* (%)213 (35.5)54 (25.6)Beta-blockers use, *n* (%)421 (70.1)112 (53.1)Methimazole use, *n* (%)512 (85.3)122 (57.8)Potassium Iodide use, *n* (%)432 (72.0)84 (39.8)Annual number of patients of thyroid storm per hospital, median \[25th--75th percentiles\]7 \[4, 10\]7 \[3, 10\]Admission number of ICU each day per hospital, median\[25th--75th percentiles\]5.4 \[3.1, 7.4\]5.1 \[3.0, 8.3\]Academic hospital, *n* (%)137 (22.8)50 (23.7)*Abbreviations*: *ASMD* absolute standard mean difference, *ICU* intensive care unit

The proportion of patients who received renal replacement therapy and mechanical ventilation was higher in the glucocorticoid treatment group compared to the control group. The result of feature importance by XGBoost is shown in Supplemental Figure [1](#MOESM1){ref-type="media"}. Together with age, VIS, and Charlson comorbidity index, glucocorticoid use showed a high feature importance value, which suggests that glucocorticoid use was an important factor for predicting patient survival at the time of discharge. The VIFs of all variables used in the regression analysis were less than 2, which eliminated the issue of multicollinearity in our model. The established case-mix classification model was well calibrated for the validation cohort (AUROC 0.84; Hosmer-Lemeshow goodness-of-fit test *p* = 0.873) (Supplemental Figure [2](#MOESM2){ref-type="media"}).

Results of analyses by three models evaluating the efficiency of glucocorticoid use are summarized in Fig. [2](#Fig2){ref-type="fig"}. The mixed-effects logistic regression analysis demonstrated that the difference was not statistically significant for in-hospital mortality \[adjusted odds ratio (95% confidence interval; CI) = 1.77 (0.95--3.34)\] or for the 30-day mortality rate \[adjusted odds ratio (95% CI) = 1.48 (0.75--2.92)\]. A significantly higher frequency of insulin use was observed in the glucocorticoid treated group \[adjusted odds ratio (95% CI) = 1.56 (1.00--2.43)\]. Bayesian analysis revealed similar results as those found with the mixed-effects regression model. Increased mortality was observed in the glucocorticoid group as demonstrated by in-hospital mortality \[adjusted odds ratio (Bayesian 95% CI) = 1.44 (1.14--1.93)\] and mortality within 30 days \[adjusted odds ratio (Bayesian 95% CI) = 1.34 (0.95--1.91)\]. A higher frequency of insulin use was observed in the glucocorticoid treated group \[adjusted odds ratio (Bayesian 95% CI) = 1.71 (1.06--2.77)\]. The density distribution of regression coefficients of all covariates is listed in Supplemental Figure [3](#MOESM3){ref-type="media"}. Fig. 2Forest plot of each analysis comparing patients treated with and without glucocorticoids. Abbreviations: GLMM, generalized linear mixed model; MLE, maximum likelihood estimation; MCMC, Markov chain Monte Carlo; PS, propensity score

The patient characteristics of propensity score-matched samples are shown in Table [2](#Tab2){ref-type="table"}. Overall, 203 patients were matched based on the propensity score. Among the matched groups, ASMD \< 0.1 was observed in all the covariates, indicating that the baseline characteristics of the glucocorticoid treatment and control groups were sufficiently similar. The in-hospital mortality rate was 8.4% (17/203) in the glucocorticoid treatment group and 11.8% (24/203) in the control group. The 30-day mortality rate was 7.4% (15/203) in the glucocorticoid treatment group and 9.4% (19/203) in the control group. The rate of insulin use was 44.3% (90/203) in the glucocorticoid treatment group and 25.1% (51/203) in the control group. Table 2Patient characteristics of patients after propensity score matchingGlucocorticoid groupControl groupASMDNumber of participants, *n*203203Age(years), median \[25th--75th percentiles\]52 \[41, 64\]50 \[35, 66\]0.08Sex, female, *n* (%)131 (64.5)127 (62.6)0.04Charlson comorbidity index, median\[25th--75th percentiles\]1 \[0, 1\]1 \[0, 1\]\< 0.01Vasoactive-Inotropic Score (VIS), median \[25th--75th percentiles\]0 \[0, 0\]0 \[0, 0\]0.08Consciousness, alert, *n* (%)57 (50.0)56 (50.0)0.03Defibrillation, *n* (%)6 (3.0)6 (3.0)\< 0.01Mechanical ventilation use, *n* (%)57 (28.1)52 (25.6)0.06Renal replacement therapy, *n* (%)6 (3.0)4 (2.0)0.06Extra-corporeal membrane oxygenation, *n* (%)4 (2.0)3 (1.5)0.05Intra-aortic balloon pump, *n* (%)4 (2.0)4 (2.0)\< 0.01Acetaminophen use, *n* (%)58 (28.5)50 (24.6)0.04Beta-blockers use, *n* (%)108 (53.2)107 (52.7)\< 0.01Methimazole use, *n* (%)111 (54.7)112 (55.2)\< 0.01Potassium Iodide use, *n* (%)83 (40.9)83 (40.9)0.01Annual number of patients with thyroid storm per hospital, median \[25th--75th percentiles\]7 \[4, 10\]7 \[3, 10\]0.06Admission number of ICU each day per hospital, median \[25th--75th percentiles\]5.4 \[3.3, 7.8\]5.0 \[2.9, 7.8\]0.01Academic hospital, *n* (%)46 (22.7)45 (22.2)0.01*Abbreviation*: *ASMD* absolute standard mean difference, *ICU* intensive care unit

A statistically significant difference was not observed in both in-hospital and 30-day mortality rates. Insulin administration was significantly more frequent in the glucocorticoid treated group \[adjusted odds ratio (95% CI) = 2.39 (1.54--3.72)\] (Fig. [2](#Fig2){ref-type="fig"}).

The results of the sensitivity analysis that compared in-hospital mortality between the \> 200 mg/day group \[569 patients (70.2%)\] and ≤ 200 mg/day group \[242 patients (29.8%)\] are summarized in Fig. [3](#Fig3){ref-type="fig"}. Statistically significant differences were not observed between the \> 200 mg/day group and the ≤ 200 mg/day group \[adjusted odds ratio (95% CI) = 1.21 (0.74--2.03), 1.41 (0.96--2.00), and 0.96 (0.54--1.72) in GLMM (MLE), GLMM (MCMC), and propensity score matching, respectively\]. Fig. 3Forest plot of each analysis comparing patients treated with low-dose glucocorticoid and high-dose glucocorticoid. Abbreviations: GLMM, generalized linear mixed model; MLE, maximum likelihood estimation; MCMC, Markov chain Monte Carlo; PS, propensity score

Discussion {#Sec9}
==========

Owing to the low prevalence of TS, studies on causal inference are scarce in this field, and treatments have been performed based on several descriptive research studies \[[@CR1], [@CR5], [@CR21]\]. To the best of our knowledge, the present study is the first to evaluate the efficacy of TS treatment by analyzing a large-scale nationwide database.

Glucocorticoids are considered to be provided with a "strong recommendation with low-quality evidence" in American guidelines, and a "high strength of recommendation with moderate evidence" in Japanese guidelines \[[@CR30], [@CR31]\]. These recommendations have been validated from the improved outcomes in a case series of 22 patients with TS \[[@CR32]\]. Glucocorticoids reduce the conversion of T4 to active T3 and may simultaneously improve the underlying autoimmune process \[[@CR8]\]. However, the Japanese guidelines state that the overuse of glucocorticoids may cause unfavorable hyperglycemia and immunosuppressive conditions. The results in the current study did not show a statistically significant difference in survival outcomes by glucocorticoid use. Instead, a significant association between early glucocorticoid use and insulin use was seen, which might be related to glucose tolerance abnormalities.

The baseline characteristics of TS patients were almost identical to the previously reported Japanese nationwide multicenter observational study \[[@CR1]\]. However, the mortality rate observed in this study was higher as compared to the previous study (13.5% vs. 10.1%). This difference might be explained by the target population. The patients who did not enter a government-approved specialized ICU were excluded from this study to homogenize the quality of care provided. In addition to the mortality rate, this study provides detailed treatment approaches performed in current Japanese settings. Taking into consideration the devastating clinical course of TS, there is a need to accumulate evidence for treatment strategies of TS. Although the current study was a retrospective analysis and patient severity differed between the two groups, we used several statistical models. As it is impractical to perform a randomized controlled trial or a large-scale prospective study due to the rarity of the disease, the present study that analyzed large-scale real-world data, would be noteworthy in this field and can add evidence pertaining to the treatment strategy of TS. We used the Bayesian statistics for data analyses, and the data of posterior probability distribution in the present study can be used as a prior distribution in future research works in this field. Furthermore, considering the heterogeneity between the two groups, a propensity score matching analysis was also performed. Approximately 400 patients in the glucocorticoid treatment group were excluded by the matching process to achieve a well-matched balance, the majority of which were suggested as severe cases from the characteristics of the propensity score-matched cohort. However, the statistical models other than the propensity score matching model analyzed the entire study cohort and adjusted patient severity using the well-calibrated case-mix adjustment model, such that the study results were robust.

TS is frequently triggered by severe stress, such as septic shock, in patients with thyrotoxicosis. Glucocorticoids have been used in patients with catecholamine-resistant septic shock \[[@CR33], [@CR34]\]. According to the guidelines of the surviving sepsis campaign \[[@CR29]\], the recommended dose of glucocorticoids in such patients is 200 mg/day of hydrocortisone, whereas 300--400 mg/day of hydrocortisone is typically recommended in TS \[[@CR7]\]. Given the possibility of underestimation of the glucocorticoid treatment for TS due to patients with catecholamine-resistant septic shock, we performed a sensitivity analysis to compare ≤ 200 mg/day group with the \> 200 mg/day group; however, no apparent prognostic disadvantage was noted in the ≤ 200 mg/day group even though their prognoses were poor. Although this result suggested that the population with poor prognosis (i.e., TS patients complicated by catecholamine-resistant septic shock) did not skew the results of the main analyses, those patients might have benefited from low-dose glucocorticoids. Although most glucocorticoid-treated patients were treated with hydrocortisone (85.3%), the remaining 14.7% of patients were treated with other glucocorticoids: these were converted to the equivalent hydrocortisone dose in this analysis. The optimal conversion ratio is still debatable, and the difference in the glucocorticoid effect depending on the dose could not be assessed in the present study. Further study is required to assess the effect of glucocorticoids in patients with TS, considering the detailed information of the dose.

Plasmapheresis has also been used as a treatment strategy for severe TS cases; however, supportive evidence for this and other treatment options is scarce. Plasmapheresis involves the removal and exchange of serum proteins to which 99% of the thyroid hormones bind \[[@CR35]\]. In the present study, although we analyzed a large-scale database, the number of patients who underwent plasmapheresis was only 42, which was insufficient to evaluate its effectiveness using multivariate analysis. Further large-scale studies would be required to evaluate the efficacy of other treatment options, including plasmapheresis, for severe TS patients.

Our study has several limitations. First, the recorded diagnoses in the database are less well validated than in planned prospective studies. Although there is a study showing that the specificity of the diagnosis in the DPC database exceeded 96% \[[@CR36]\], we could not confirm whether the patients fulfilled the Japan Thyroid Association criteria or Burch-Wartofsky Point Scale in the diagnosis of thyroid storm \[[@CR1], [@CR37]\]. However, our data of patient characteristics and administered treatments were similar to the study analyzing patients that fulfilled the diagnostic criteria \[[@CR1]\], indicating that the analyzed population could reflect patients with TS to a considerable extent. Second, we excluded patients discharged within 3 days, who may have been unable to receive enough intensity of care including glucocorticoid therapy, although the consequence of this bias was uncertain. Third, although we used the well-validated predictive model in the analysis, the possibility of residual confounding factors existed because of the retrospective nature of the study and the used database in which vital signs and results of laboratory tests were not available. Fourth, as this is the first study estimating the efficacy of glucocorticoids in TS treatment, prior sample size estimation was impossible. Fifth, although we showed the significant association between early glucocorticoid use and insulin use, insulin use was just a surrogate outcome, and it did not directly mean the impairment of glucose tolerance. Finally, details of the underlying condition for TS (e.g., sepsis), which might have affected the patient outcomes, were not always available in the DPC database. However, to the best of our knowledge, this is the first well-designed large-scale study on patients with TS using the case-mix classification model with high accuracy for predicting mortality. Our results suggest that the routine use of glucocorticoids does not improve the survival of patients with TS, indicating that clinicians should consider glucocorticoid use on an individual patient basis, accounting for the risks of infection and hyperglycemia. Larger retrospective and prospective studies are necessary to support our findings and to determine which subgroups of patients could benefit from glucocorticoids.

Conclusions {#Sec10}
===========

Our analysis of a nationwide administrative database indicates that the administration of glucocorticoids does not improve the survival of patients with TS. Insulin was more frequently used in patients who received glucocorticoids. Further evidence of glucocorticoid use might be desirable for TS patients.
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**Additional file 1 : Supplemental Figure 1**. Feature importance measured by XGBoost.
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**Additional file 2 : Supplemental Figure 2**. Goodness of fit of case-mix classification model. (A) Receiver operating curves of risk adjustment model in the validation cohort. AUROC area under the receiver operating curve. (B) Hosmer-Lemeshow goodness-of-fit test.
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**Additional file 3 : Supplemental Figure 3**. Posterior density distribution of each coefficient of regression model (A) Regression coefficient at the level of patient, (B) Regression coefficient at the level of hospitals.
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